We report a systematic study of the transport properties of pulsed-laser-deposited NiMnSb films on silicon as a function of film thickness. A low-temperature upturn is observed in the resistivity for film thicknesses of 130 nm and below. The resistivity minimum corresponds to the maximum in the positive magnetoresistance for all samples. As the film thickness decreases, the magnitude of both the resistivity upturn and the magnetoresistance increase. There is no feature associated with the upturn in the low-field Hall resistivity, which becomes systematically more electron dominated as the film thickness decreases and the temperature increases. This has implications for the use of NiMnSb as a spin injector for spintronic applications. The positive magnetoresistance of the 5 nm sample is greater than 100% at 200 K in 8 T. Further enhancement of the magnetoresistance occurs for field parallel, rather than perpendicular, to the film surface. The magnetoresistance behavior is compared to various model systems, including the band-gap tuning found in the silver chalcogenides, disorder-induced weak localization, and the emerging class of ''bad metal'' ferromagnets.
The Heusler 1 alloy NiMnSb has attracted a great deal of attention as a potential material for spintronic devices, 2, 3 because in theory it is a half-metallic ferromagnet 4 ͑HMF͒ with a Curie temperature (T C ) of 728 K, 5 and a saturation magnetization (M S ) of 4 B /f.u. Hybrid spintronic devices require the growth of ferromagnetic films onto semiconductors for spin injection. The choice of semiconductor is governed by whether mobility or spin lifetime is maximized; narrowgap III-V's ͑Ref. 6͒ seem promising in the former case, and Si ͑Ref. 7͒ in the latter. However, the NiMnSb:semiconductor system is challenging to work with because ͑i͒ transport spin polarization 8 ( P t ) drops dramatically with a few percent atomic disorder, 9 ͑ii͒ P t drops at the free surface due to surface reconstruction, 10, 11 and ͑iii͒ it has been reported 12 that the true half-metallic state in NiMnSb only persists up to 80 K. Optimizing properties, particularly M S and P t , is critical to the realization of hybrid spintronic devices.
The drive to continually increase data storage densities has sustained interest in magnetoresistance ͑MR͒ materials, particularly giant MR multilayers 13 and colossal MR manganites.
14 In these materials the magnetic field ͑H͒ aligns the magnetic moments, which reduces the resistance. This is termed ''negative magnetoresistance.'' Recently, magnetoresistances of comparable, 15 or greater, 16 magnitude to the CMR materials but opposite ͑positive͒ sign have been reported. In composite heterostructures 16 the MR is a geometric effect, caused by magnetic deflection of the current path. In the nonmagnetic silver chalcogenides, 15, 17 Ag 2Ϯ␦ X (X ϭSe,Te), the magnetic field increases the intrinsic resistivity of the material through band-gap tuning, 18, 19 with the maximum in the magnetoresistance, and a linear field dependence, found at the crossover from hole-dominated to electron-dominated transport. In doped FeSi ferromagnets, 20 the positive MR is associated with weak localization 21, 22 in disordered metals. In Ti:Si films, 23 the positive MR vanishes below the sharp resistivity minimum.
Recently, it has been shown 24 that a number of metallic Heusler alloys show a low temperature upturn in the resistivity, and are best described as strongly disordered electron systems, rather than conventional metals. Here we report the observation of a positive giant magnetoresistance in thin films of nonstoichiometric NiMnSb that is coupled to a lowtemperature upturn in the resistivity. The effect has a similar field dependence to the silver chalcogenides 18, 19 disorder-induced weak localization model. 21, 22 Thin films of NiMnSb, with thicknesses of 5, 45, 80, 110, and 400 nm, were grown on Si͑100͒ by pulsed laser deposition 6 at 200°C from a slightly manganese-poor (NiMn 0.95Ϯ0.01 Sb) target. All films were shown by energy dispersive x-ray analysis to be nonstoichiometric, formulated Ni 1ϩx Mn 1Ϫy Sb, (xϭ0.15Ϯ0.05,yϭ0.15Ϯ0.05). There was no systematic variation of stoichiometry between films of different thickness. The x-ray diffraction ͑XRD͒ pattern was consistent with a NiMnSb half-Heusler phase with the lattice parameter 5.99 ÅϮ0.02 Å, compared to 5.9320 Å Ϯ0.0028 Å for the target, and no second phase was observed. The magnetic properties of the 45, 110, and 390 nm films were measured from 5 to 300 K in a Quantum Design SQUID magnetometer ͑a reliable signal could not be obtained for the 5 nm film͒. These three films had saturation magnetizations (M S ϳ2 B /f.u.) and the Curie temperatures were significantly reduced from the target (M S ϳ3.2 B /f.u.;T C ϭ744 K).
Magnetotransport data was collected in a van der Pauw geometry. The zero-field resistivity of the series of films is shown in Fig. 1͑a͒ , which is dominated by the sharp upturn in the resistivity of the 5 nm sample below 150 K. The inset shows the temperature dependence of the other films. The resistivity upturn systematically decreases with increasing film thickness, and the 390 nm film does not show an upturn. In the thickest film the resistance ratio is ͓(290 K)/(50 K)ϭ1.2͔. This shows that the transport is still inequivalent to bulk polycrystals, 12 where ͓(290 K)/(50 K)ϭ2.5͔ and the MR is negative. The temperature dependence of the MR, defined as ͓R(H) ϪR(0 T)͔/R(0 T), in an applied field of 1.9 T, perpendicular to the film surface, is plotted in Fig. 1͑b͒ . For all the films the MR is positive, with a maximum coincident in temperature and minimum in the resistivity. The 390 nm film is an exception because it shows a broad maximum in the MR of ϩ0.5% around 150 K, but no minimum is observed in the resistivity. The inset to Fig. 1͑b͒ shows I(V) curves of the 5 nm film, taken at temperatures with the same resistance on either side of the resistivity minimum, 140 and 225 K. Below the resistivity upturn, the I(V) curve deviates from Ohm's law for currents above 500 A, indicating a profound change in the transport mechanism below the upturn.
To test whether anisotropic magnetoresistance ͑AMR͒ plays a significant role, the dependence of the large MR on field orientation was measured. When the field was applied parallel to the film surface, the MR was found to be slightly enhanced relative to the perpendicular MR, and was not affected by whether the current was perpendicular or parallel to the field direction. Hence, AMR does not significantly contribute.
The high-field and low-temperature behavior of the MR of the 5 nm sample is shown in Fig. 2 . It should be noted that this data was collected with fresh contacts on a different instrument, and does not correspond exactly with those shown in Figs. 1 and 2 . The field dependence of the MR has two regimes. In the low-field regime it varies as H 2 at all temperatures, whereas in the high-field regime the field dependence is clearly changing with temperature. The solid lines in Fig. 2 show a fit of the high field (HϾ2 T) data to MRϭMR 0 ϩaH n and the inset shows the fitted value of exponent n as a function of temperature. The exponent is less than unity at temperatures below the resistivity upturn, and greater than unity above the upturn. The maximum in the MR occurs at the upturn temperature, where nϭ1.
Between 50 and 150 K, the field dependence of the MR is superficially similar to the disorder-induced weak localization model. 21, 22, 25 However, this model predicts an H 1 2 dependence in the high field limit, and H 2 at low field, with the theoretical crossover point around HϭkT/g B which corresponds to Hϭ75 T at 100 K ͑assuming gϭ2). The fit of the 100 K MR with nϭ1/2 for Hу2 T ͑Fig. 2͒ shows that the crossover occurs at around 2 T. Furthermore, the plot of the exponent with temperature in the inset to Fig. 2 shows that the exponent of H is slowly increasing with temperature, and is coincidentally close to H 1/2 around 100 K. The model cannot predict either the crossover field or the temperature dependence of the exponent, and seems inappropriate for this system, even if internal field enhancement 20 of the applied field is considered.
The transition from sublinear to superlinear behavior of the MR with increasing temperature is similar to that seen in the silver chalcogenides, as is the observed 19 maximum in the MR when the MR is linear in H. This linear, maximum MR was found to occur when the number of electrons and holes was equal, 26, 19 as demonstrated by a sign reversal in the Hall coefficient. The similarities between the NiMnSb films and the chalcogenides merit a Hall investigation. However, in NiMnSb, the Hall analysis will not be transparent because of the anomalous Hall term, and the Fermi surface contains both holelike sheets and an electronlike sphere. 4 Two-carrier Hall analysis is not straightforward. 27 The MR is clearly linked to the low temperature upturn in the resistivity. The upturns in the 5 and 80 nm samples were fitted to a number of potential models, as has been reported 28 for disordered Ni 0.5 Al 0.5 alloys. The variable range hopping, weak localization, and Kondo mechanisms result in upturns that follow (1/T) 1/4 , T 1/2 , and ln T, respectively. This fitting procedure was not conclusive for these films, although the Kondo model was clearly inappropriate. Figure 3 shows fits to the other two models. The fit to the variable rangehopping model is shown for the 80 and 5 nm films in Figs. 3͑a͒ and 3͑b͒, respectively, and fits to the weak localization model for the 80 and 5 nm films in Figs. 3͑c͒ and 3͑d͒ , respectively. The two models give reasonable fits of similar quality for the 80 nm sample. The 5 nm sample can be fitted reasonably with the (T 1/2 ) weak localization model, and not at all with the (1/T) 1/4 variable range-hopping model. Only the weak localization model gives a reasonable fit for both films. However, this model gave a poor description of the field dependence of the MR of the 5 nm sample. The upturn in the 5 nm sample is so much more dramatic than that of the other samples that it is not clear whether the same mechanism dominates the resistivity of all the films, or whether another mechanism is operating in the thinnest sample. Indeed nonlinearity in the I-V curve of the 5 nm film below the upturn ͓inset to Fig. 1͑b͔͒ is suggestive of percolative behavior in this sample.
In summary, we report a giant positive magnetoresistance that increases with decreasing thickness in nonstoichiometric NiMnSb:Si films, and is greater than 100% for the 5 nm film at 200 K in 8 T. The temperature of the maximum in the magnetoresistance corresponds to the minimum in the resistivity. There is a further, small enhancement of the MR when the field is applied parallel to the film surface. The evolution of the field dependence of the magnetoresistance appears similar to the silver chalcogenides, and is indicative of a crossover from hole-dominated to electron-dominated transport as the temperature increases. FIG. 3 . Fit of low T resistivity ͑see Ref. 28͒ of ͑a͒ 80 nm film at 100 K to variable range-hopping model, ͑b͒ 5 nm film at 100 K to variable rangehopping model, ͑c͒ 80 nm film at 100 K to weak localization model, and ͑d͒ 5 nm film at 100 K to weak localization model.
